Abstract: Equivalent circuit models are a hot research topic in the field of lithium-ion batteries for electric vehicles, and scholars have proposed a variety of equivalent circuit models, from simple to complex. On one hand, a simple model cannot simulate the dynamic characteristics of batteries; on the other hand, it is difficult to apply a complex model to a real-time system. At present, there are few systematic comparative studies on equivalent circuit models of lithium-ion batteries. The representative first-order resistor-capacitor (RC) model and second-order RC model commonly used in the literature are studied comparatively in this paper. Firstly, the parameters of the two models are identified experimentally; secondly, the simulation model is built in Matlab/Simulink environment, and finally the output precision of these two models is verified by the actual data. The results show that in the constant current condition, the maximum error of the first-order RC model is 1.65% and the maximum error for the second-order RC model is 1.22%. In urban dynamometer driving schedule (UDDS) condition, the maximum error of the first-order RC model is 1.88%, and for the second-order RC model the maximum error is 1.69%. This is of great instructional significance to the application in practical battery management systems for the equivalent circuit model of lithium-ion batteries of electric vehicles.
Introduction
Lithium-ion batteries have many advantages, such as high working voltage, small volume, light weight, long cycle life, environmental friendliness, weak memory effect, wide working temperature range, low self-discharge rate, and so on [1] [2] [3] [4] . Lithium-ion batteries have been widely used in mobile phones, digital cameras, laptops, other portable consumer electronics, and renewable energy storage [5, 6] . With the continuous development and improvement of science and technology, the application range of lithium-ion batteries has further widened to the electric power, aerospace, military, and other critical fields [7, 8] . Lithium-ion batteries have become core components of energy supply for many critical devices or systems, and are often critical to the reliability and functionality of the overall system [3, 8] . However, consequences of battery failure could range from inconvenience to catastrophic failure; for example, NASA's Mars Global Surveyor stopped running due to battery failure in November 2006. The reliability of lithium-ion battery systems has yet to be improved. Recently, lithium-ion batteries have reached a degree of implementation that enabled their use in stringent automotive applications; for example, the Nissan LEAF rolled off the assembly line in 2010 as well as the Tesla Roadster in 2008 [9] . Automotive lithium-ion batteries usually consist of hundreds or voltage and current shown in the battery operation. In this paper, a first-order RC model and a second-order RC model are comparatively researched, as they refer mostly to the equivalent circuit models used in the literature. On one hand, the two kinds of models do a good job of reflecting the dynamic and static characteristics of lithium-ion batteries, and on the other hand the complexity of the models is also appropriate, easy to implement in engineering, and it is easy to implement parameter identification with high precision.
A schematic diagram of the first-order RC model is shown in Figure 1a , where the controllable voltage V OC denotes the open circuit voltage of the lithium-ion battery which usually varies nonlinearly with SOC, R 0 denotes the ohmic resistance of the lithium-ion battery which describes the electrolyte resistance and connection resistance of the battery, R 1 denotes the polarization resistance, C 1 denotes polarization capacitance, I denotes the current flowing through the load which can be directly measured from current sensor, and U denotes the terminal voltage of the battery which can be directly measured from a voltage sensor. The parallel RC network describes the nonlinear polarization response of the lithium-ion battery, and I is positive for discharging and negative for charging.
The schematic diagram of the second-order RC model is shown in Figure 1b , where V OC , R 0 , I, and U have the same meanings as in the first-order RC model, except that there are two parallel RC networks to describe the nonlinear polarization response of the lithium-ion battery.
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Battery Testing Bench
To complete the model parameter identification, the testing bench shown in Figure 2 was established. It is composed of a NEWARE (the NEWARE Co., Limited, Shenzhen, China) battery tester system 4000 (BTS4000) with eight independent channels, an intermediate machine, and a host computer on which NEWARE BTS Software v7.5.6 and MATLAB R2010a are installed. 
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To complete the model parameter identification, the testing bench shown in Figure 2 was established. It is composed of a NEWARE (the NEWARE Co., Limited, Shenzhen, China) battery tester system 4000 (BTS4000) with eight independent channels, an intermediate machine, and a host computer on which NEWARE BTS Software v7.5.6 and MATLAB R2010a are installed. The battery tester is used to load the programmed current profiles on the battery cells within a range of voltage 0-10 V and current −6 to 6 A, and the measuring errors of its voltage and current sensors are both less than 0.5%. The intermediate machine is mainly responsible for the network connection, receiving the control command from the host computer, controlling the lower battery cycler, and uploading the real-time test data. The host computer is employed to control and monitor the cycler via Ethernet cables, as well as to store the voltage and current acquired by the sensors. The tested battery cells are representative 18650 cylindrical cells whose specifications mainly include 2350 mAh nominal capacity, 3.7 V operating voltage, 4.2 V charging limit voltage, 2.7 V discharge limit voltage, and 10 A maximum continuous discharging current. During the test, the battery current and the voltage were recorded every second, while they were recorded every 100 milliseconds during the hybrid pulse power characterization (HPPC) test. The important parameters of the experiment are summarized in Table 1 . [11] . Regarding the battery after being charged, the battery terminal voltage will gradually decline to a stable value when it is left in the open circuit condition; regarding the battery after discharge, the battery terminal voltage will gradually rise to a stable value after the load is removed. The electromotive force of the battery is basically equal to the open circuit voltage of the battery, while the battery electromotive force is one of the metrics used to measure the amount of energy stored in the battery. Thus, there is a certain relationship between the battery OCV and the battery SOC [22] . There are a few ways to obtain OCV, in which the stationary method is a direct method and is relatively more accurate. To obtain the relationship between the battery OCV and SOC in the stationary method, the test procedures are performed as follows [30] :
(1) Calibrate the battery capacity. The battery is fully charged with the standard charging method, in which the battery is charged using a constant current phase of 2.35 A (1C) to 4.2 V followed by a constant voltage phase of 4.2 V until the current is reduced to 0.02 A. Then, the battery is discharged with a constant current phase of 2.35 A to its discharge cut-off voltage 2.7 V. The experiment is repeated until the difference between the discharge capacity of each measurement does not exceed 2%, and then the measured capacity is deemed to be the actual capacity of the battery. (2) The battery is fully charged with the standard charging method described by Step (1) and then the battery is left in the open-circuit condition to rest for 4 h to achieve electrochemical and heat equilibrium [9] . (3) The battery is discharged with a constant current 2.35 A for 6 minutes (i.e., discharging by 10% of the capacity) and then the battery is left in the open-circuit condition to rest for 4 h to achieve electrochemical and heat equilibrium. (4) Step (3) is repeated eight times. (5) The battery is discharged with a constant current 2.35 A by 3 min (i.e., discharging by 10% of the capacity) and then the battery is left in the open-circuit condition for 4 h to achieve electrochemical and heat equilibrium. (6) Step (5) is repeated four times.
In the tests, the measured voltages at the end of each standby stage are regarded as the final open-circuit voltage. The variation of OCV with SOC obtained by the experimental method above is shown in Figure 3 . Figure 3 . 
Ohmic Resistance
In general, the methods used to measure the battery resistance are the power-off method, the step method, and the electrochemical impedance spectroscopy (EIS) method. With the EIS method, the battery is excited by a series of alternating current (AC) signals of different frequency and then through analyzing the relation between the input excitation signal and the battery voltage output response, and the battery impedance characteristic can be obtained. The principle of the power-off method and the step method is similar, in which the difference between ohm polarization response time and other polarization response time is utilized to identify the different impedance. When the current has a sudden change, the voltage drop part caused by ohmic polarization changes instantaneously and then the voltage drop part by other polarization completes the transient process with the approximation exponential until the voltage returns to a steady-state voltage value. Assuming that the voltage before the current changes is U0 and the voltage after the moment the current changes is U1, the formula for calculating the ohmic resistance is as follows:
Referring to the "Freedom CAR Battery Test Manual" hybrid pulse power characterization test (HPPC test) [31] , this paper adopts the step method to obtain the ohmic resistance, the polarization resistance, and polarization capacitance from the different SOCs. The hybrid pulse power characterization test profile is shown in Figure 4 .
To obtain the battery ohmic resistance, polarization resistance, and polarization capacitance at the different SOCs, tests are performed as follows:
(1) Calibrate the battery capacity as described in Section 2.3.1.
(2) Charge the battery fully with the standard charging method the same as described in Section 2.2. (3) The HPPC test is performed and then the battery is left in the open-circuit condition to rest for 4 h to achieve electrochemical and heat equilibrium [9] . (4) The battery is discharged with a constant current 2.35 A for 6 minutes and then the battery is left in the open-circuit condition to rest for 4 h to achieve electrochemical and heat equilibrium. (5) Steps (3) and (4) are respectively repeated eight times alternately. (6) The battery is discharged with a constant current 2.35 A for 3 min and then the battery is left in the open-circuit condition to rest for 4 h to achieve electrochemical and heat equilibrium. (7) The HPPC test is performed and then the battery is left in the open-circuit condition to rest for 4 h to achieve electrochemical and heat equilibrium. 
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6 of 16 (7) The HPPC test is performed and then the battery is left in the open-circuit condition to rest for 4 h to achieve electrochemical and heat equilibrium. (8) Steps (6) and (7) are respectively repeated four times alternately.
Appl. Sci. 2017, 7, 1002 6 of 16 (8) Steps (6) and (7) are respectively repeated four times alternately. From the above experimental steps, it can be seen that the HPPC test can be implemented along with the open circuit voltage test described by Section 2.3.1. According to the above experimental procedures, the voltage response curves of lithium-ion battery excited by HPPC test at different SOC can be obtained. The results are shown in Figure 5 . Then, the ohmic resistance at different SOCs can be obtained by calculating Equation (1) . The results are shown in Figure 6 . From the above experimental steps, it can be seen that the HPPC test can be implemented along with the open circuit voltage test described by Section 2.3.1. According to the above experimental procedures, the voltage response curves of lithium-ion battery excited by HPPC test at different SOC can be obtained. The results are shown in Figure 5 . Then, the ohmic resistance at different SOCs can be obtained by calculating Equation (1) . The results are shown in Figure 6 .
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Polarization Resistance and Polarization Capacitance
As discussed in Section 3.3.2, for the polarization process the terminal voltage completes the transient process in an exponential way approximately when the current sees a sudden change. According to the Kirchhoff laws, for the first-order RC model the variation law of the terminal voltage can be ruled by the following formula:
where 1 1 τ = R C represents the time constant.
Replacing the coefficients of Equation (2) and rewriting the form as:
Compared to the two formulas above, the parameter values can be obtained as follows:
According to the method described above, the polarization resistance and polarization capacitance of the first-order RC model can be obtained by the least square method as shown in Table 2 . Figure 6 . The varying curve of ohmic resistance with SOC.
As discussed in Section 2.3.2, for the polarization process the terminal voltage completes the transient process in an exponential way approximately when the current sees a sudden change. According to the Kirchhoff laws, for the first-order RC model the variation law of the terminal voltage can be ruled by the following formula:
where τ = R 1 C 1 represents the time constant.
According to the method described above, the polarization resistance and polarization capacitance of the first-order RC model can be obtained by the least square method as shown in Table 2 . 
where
Replacing the coefficients of Equation (6) and rewriting the equation as:
Compared to coefficients of the two equations above, the parameter values can be obtained as follows:
According to the method described above, then the polarization resistance and polarization capacitance of the second-order RC model can be obtained by the least square method as shown in Table 3 . 
Model Simulation
After obtaining the required model parameters, the simulation model of the lithium-ion battery can be established in Matlab/Simulink. The simulations of the established first-order RC and the second-order RC models are shown in Figures 7 and 8 , respectively. It can be seen that the simulation model is mainly composed of three sub-modules: the SOC calculation module, the circuit parameter updating module, and the terminal output voltage calculation module. The specific sub-modules are shown in Figures 9 and 10 . Figure 9 shows the SOC calculation module based on current time integral method, the discharge capacity is obtained by integrating the discharge current with time, and then the residual capacity could be obtained by using the nominal capacity minus the discharge capacity. Finally, the SOC value can be obtained by the standardized calculation. Figure 10 shows the terminal output voltage calculation module based on Kirchhoff laws, and the output voltage can be obtained by the voltage difference between the OCV and the resistor capacitor. The simulation model has two inputs: the load current profile and the initial SOC of the battery. The load current profile is input through the program, so the load current can be set to any form. The maximum value of SOC is set to 1, and the minimum value is 0, so as to prevent the battery from overcharge and over-discharge. Because of the relatively short cycle time, the influence of temperature change on the output voltage of a lithium-ion battery is ignored. Finally, the actual voltage curve is compared with the simulation curve of the model to verify the accuracy of the model. The detailed results will be discussed in the next section.
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Results and Discussion

Constant Current Discharging
In order to verify the accuracy of the models under the simple operating conditions, constant current discharging tests were performed. First of all, the tested battery was fully charged according to the standard charging method and then the battery was left in the open-circuit condition to rest for 4 h to achieve electrochemical and heat equilibrium. Subsequently, the battery was discharged at a constant current 1C (2.35 A) to its discharging cut-off voltage 2.7 V. For the simulation models, first the initial SOC was set to 1 and the magnitude of the input current to 2.35 A, and then simulation models were run. Simulation results of the first-order RC model are shown in Figure 11 , where the red dotted line represents the simulation output voltage and the solid blue line represents the actual voltage value. Similarly, the simulation results of the second-order RC model are shown in Figure 12 , where the red dotted line represents the simulation output voltage, and the solid blue line represents the actual voltage value. It can be seen from the figures that the simulated voltage could basically follow the battery terminal voltage changes in the constant current discharging process. However, at the beginning and end stages of discharging, the error was relatively larger; this is at the beginning stage and end stage of discharging, lithium-ion batteries are deepening gradually in the polarization process, and the electrochemical reaction taking place in the battery tends to be unbalanced; the two factors above can lead to the change of parameters in a relatively large range, resulting in a relatively large increase in output error of the models. For better comparison, the output error of the first-order RC model and second-order RC model is analyzed as shown in Figure 13 , in which it can be seen that the second-order RC model has a smaller output error than the first-order RC model in general. 
Results and Discussion
Constant Current Discharging
Urban Dynamometer Driving Schedule Cycle
The urban dynamometer driving schedule (UDDS) cycle describes the city bus driving conditions in the United States, and was developed by the United States renewable energy laboratory to adapt to the city bus driving cycle conditions. To simulate real battery operation 
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Comparative Analysis
In order to better evaluate the accuracy of the two models, their output error was quantified by calculating the maximum absolute error, the maximum relative error, and the root mean square (RMS) error, respectively, as shown in Table 4 for the first-order RC model and in Table 5 for the second-order RC model. Under 1C constant current discharge, for the first-order RC model, the root mean square error was 0.0221 V, the maximum relative error was 1.65%; for the second-order RC model, the root mean square error was 0.0156 V, the maximum relative error was 1.22%. Under UDDS cycle, for the first-order RC model, the root mean square error was 0.0298 V, the maximum relative error was 1.88%; and for the second-order RC model, the root mean square error was 0.0282 V, the maximum relative error was −1.69%, respectively. It can be seen from the two tables that the maximum relative error of the first-order RC model and the second-order RC model under the two representative operating conditions were both less than 2%, which can generally satisfy the precision requirements in the engineering calculation. By longitudinal comparison, it can be found that the output error of two models had a certain decrease, but not to the great extent expected in the simple conditions compared the actual complex conditions (UDDS), which may be due to measurement errors of VOC. By transverse comparison, the output error of the second-order RC model in the two conditions had a certain decrease but little change. This may be due to the increase in the number of parameters, resulting in the increase of the uncertainty factors of identification process; thus, the overall accuracy of the second-order RC model did not provide great improvement over the first-order RC model. 
In order to better evaluate the accuracy of the two models, their output error was quantified by calculating the maximum absolute error, the maximum relative error, and the root mean square (RMS) error, respectively, as shown in Table 4 for the first-order RC model and in Table 5 for the second-order RC model. Under 1C constant current discharge, for the first-order RC model, the root mean square error was 0.0221 V, the maximum relative error was 1.65%; for the second-order RC model, the root mean square error was 0.0156 V, the maximum relative error was 1.22%. Under UDDS cycle, for the first-order RC model, the root mean square error was 0.0298 V, the maximum relative error was 1.88%; and for the second-order RC model, the root mean square error was 0.0282 V, the maximum relative error was −1.69%, respectively. It can be seen from the two tables that the maximum relative error of the first-order RC model and the second-order RC model under the two representative operating conditions were both less than 2%, which can generally satisfy the precision requirements in the engineering calculation. By longitudinal comparison, it can be found that the output error of two models had a certain decrease, but not to the great extent expected in the simple conditions compared the actual complex conditions (UDDS), which may be due to measurement errors of V OC . By transverse comparison, the output error of the second-order RC model in the two conditions had a certain decrease but little change. This may be due to the increase in the number of parameters, resulting in the increase of the uncertainty factors of identification process; thus, the overall accuracy of the second-order RC model did not provide great improvement over the first-order RC model. The discharge curve has been used to predict capacity fading of lithium-ion cells, which can reflect the discharge cut-off point, discharge plateau, and capacity of the cell. In this paper, the area surrounded by the discharge curve is used to describe the similarity of the discharge curve, which is defined as follows:
It can be seen from Table 6 that the area surrounded by the discharge curve of the first-order model is much larger than the second-order model, and therefore the second-order model is more accurate than the first-order model in terms of UDDS profile. Table 6 . The area surrounded by the discharge curve of the first-order and the second-order models for UDDS cycle.
Model Type
The Area Surrounded by the Discharge Curve (Vs) 
Conclusions
The lithium-ion battery models are generally divided into electrochemical mechanism models and equivalent circuit models. The representative first-order RC model and second-order RC model commonly used in the literature are studied comparatively in this paper, and the following main conclusions are achieved:
(1) The ECM has a very large advantage in computation time in contrast to electrochemical models; the simulation time based on the electrochemical model was as long as 9600 s [13] , while the simulation time based on equivalent circuit model in this paper was negligible. (2) The maximum relative errors of the two RC models under the two representative operating conditions were all less than 2%, which can generally satisfy the precision requirements for the practical engineering calculation, such as algorithms based on ECM for advanced BMSs. (3) The second-order RC model improved the output error in contrast to the first-order RC model in both simple and complex discharging conditions, but did not improve much. Therefore, for ordinary applications such as portable consumer electronics, the first-order RC model could be the preferred choice. However, for stringent applications such as automotive and aerospace, the second-order RC model could be the preferred choice. The results are of great instructional significance to the application in practical control systems for the equivalent circuit modeling of lithium-ion batteries.
